Abstract In this work, we study the abiotic re-mineralization of ferrihydrite under reducing conditions, obtained by adding zero-valent iron (ZVI) to a suspension of ferrihydrite particles. Under similar conditions, the system (ferrihydrite and ZVI) proceeded along two different transformation pathways differentiated by whether a magnetic stirrer or an overhead stirrer was used for mixing. X-ray diffraction characterization of the solid products showed that magnetite was the sole product of ferrihydrite transformation when a magnetic stirrer was used, whereas both goethite and magnetite were formed when an overhead stirrer was used. The system also behaved differently in terms of transformation kinetics and amount of magnetite formed. The quantification of magnetite generated was performed using a procedure developed in this study. The role of four mechanisms was investigated to explain these observed differences, namely-(1) presence/absence of high local Fe 2? concentrations, (2) mechanical abrasion, (3) presence/absence of a magnetic field, and (4) presence/ absence of a crystalline ZVI surface. Ferrous ions are expected to be concentrated near the magnetic bead on the magnetic stirrer as opposed to a more dispersed distribution with the overhead stirrer. This mechanistic study concluded that the presence of high local Fe 2? concentrations in the system leads to magnetite formation and the absence of the same leads to mixed goethite/magnetite or magnetite-free systems. These findings have significant implications for the mobilization of arsenic from iron (III) hydroxides as the conditions move from oxidizing to reducing, such as often occurs in engineered landfills and natural carbon-rich sediments.
Introduction
Under oxidizing conditions, iron(III) (hydr)oxide minerals play a key role in the solid sequestration of contaminants such as arsenic in the natural environment as well as in treatment systems for removing arsenic from water (e.g., Smedley and Kinniburgh 2002; Datta et al. 2009; Giles et al. 2011; Omoregie et al. 2013; Shan et al. 2013) . It is also well established that the iron (III)(hydr)oxide system is redox sensitive; one iron oxide transforming into another depending on various conditions such as pH, temperature, presence of ferrous ions, anions such as chloride, sulfate, and oxyanions such as arsenic (Liu et al. 2005 (Liu et al. , 2008a Pedersen et al. 2005; Yee et al. 2006; Mukiibi et al. 2008; Das et al. 2011a Das et al. , 2011b . In natural and engineered environments, reductive dissolution of the ferric minerals is commonly cited as a primary mechanism causing arsenic mobilization (Pedersen et al. 2006; Ghosh et al. 2006; Jing et al. 2008; Nguyen and Itoi 2009; Borch et al. 2010; Halim et al. 2010; Burnol and Charlet 2010; Maity et al. 2011) . However, the degree of iron mobilization often does not correlate well with the degree of arsenic release (Islam et al. 2004; Horneman et al. 2004; Burnol et al. 2007; van Geen et al. 2006; Kocar et al. 2006; Ghosh et al. 2006; Borch et al. 2010; Reza et al. 2010 ). This decoupling of iron and arsenic release into the aqueous phase has been linked to the formation of secondary iron minerals with reduced arsenic adsorption capacity (Pedersen et al. 2006; Kocar et al. 2006; Tufano and Fendorf 2008; Borch et al. 2010; Reza et al. 2010) . For instance, typical specific surface area of ferrihydrite (600 m 2 g -1 ) is higher than that of its transformation products, goethite and magnetite (54 and 90 m 2 g -1
, respectively) (Dixit and Hering 2003) . Maximum sorbed concentrations of arsenite at pH 8 on goethite and magnetite are much lower (173 ± 13 and 332 ± 30 lmol g -1 , respectively) than on ferrihydrite (3,514 ± 157 lmol g -1 ) (Dixit and Hering 2003) . On the other hand, Mamindy-Pajany et al. (2011) reported adsorption capacities of 1.4 and 5.4 lmol m -2 for As(V) on commercial goethite (11.61 ± 0.19 m 2 /g) and magnetite (1.60 ± 0.01 m 2 /g), respectively. It is, therefore, important to understand the mineralogical transformations that iron(III) (hydr)oxides undergo to ascertain the degree to which these transformations will subsequently impact the sequestration of the arsenic.
Magnetite (Fe 3 O 4 ) is commonly observed to form from iron(III) (hydr)oxide minerals, such as natural sediments and commercial arsenic water treatment sorbents in the presence of iron-reducing bacteria, when conditions transition from aerobic to anoxic (Liu et al. 2008b; Borch et al. 2010; O'Loughlin et al. 2010; Zegeye et al. 2010; Neumann et al. 2013) . As a mixed-valent iron oxide, magnetite is an intermediate phase between the aerobically stable Fe(III) (hydr)oxides and the anaerobically stable Fe(II) sulfides and oxides/hydroxides. Goethite is a crystalline Fe(III) oxy-hydroxide that is known to form as a transformation product of ferrihydrite (Cornell and Schwertmann 2003) . Several studies have shown that the presence of ferrous ions catalyzes this transformation (Benner et al. 2002; Pedersen et al. 2005; Hansel et al. 2003 Hansel et al. , 2005 Yang et al. 2010) .
Physical heterogeneity within soils is known to give rise to localized biogeochemical gradients due to the presence of both advection (in large pores) and diffusion (in smaller micropores)-dominated domains (Tufano et al. 2009; Pallud et al. 2010; Masue-Slowey et al. 2013 concentration is an important parameter influencing the transformation of ferrihydrite to secondary Fe minerals and hence sequestration and release of contaminants like arsenic (Pedersen et al. 2005; Hansel et al. 2003; Latta et al. 2012) .
The objective of this paper was (1) to understand the different transformation pathways/products of ferrihydrite under the presence or absence of locally high Fe 2? concentrations and (2) to gain insights into the implications of such transformations for the sequestration/release of arsenic associated with iron-based water treatment residuals under landfill conditions. It should be mentioned that the goal here was not to develop a remedial process for the stabilization of arsenic in the water treatment residuals, but to interrogate the factors causing an iron-rich oxic system to generate different secondary minerals when it transitions into a reducing system and, consequently, have greater or lesser arsenic retention capacity. This study was conducted from May 2008 to May 2010 in the Environmental Engineering labs at the University of Arizona, Tucson.
Materials and methods

Preparation of synthetic ferrihydrite
Synthetic ferrihydrite was prepared based on a modified procedure for ferrihydrite synthesis reported by Mukiibi et al. (2008) . One liter of 1 M anhydrous ferric chloride solution was titrated with 10 M NaOH to a pH of 7.0 within 1 h. The pH was brought up to 7 to mimic the arsenic removal process using coagulation, co-precipitation, and adsorption on ferric hydroxide in water treatment facilities. It has been reported that the best arsenic removal is achieved at pH values\7.2-7.5 (Jekel and Amy 2006) . The suspension was allowed to settle and equilibrate for 48 h, until the pH stabilized at 7.0. The pH fluctuated by ±0.3 during this period and was adjusted back to 7 as necessary using 0.1 M HCl or 0.1 M NaOH. The pH of the suspension was monitored for 48 h to ensure that the pH had stabilized at 7.0. The precipitate was then vacuum filtered using 0.22 lm membrane filters to achieve a water content of approximately 75 wt% and rinsed multiple times with deionized water to remove residual salts. The whole procedure was carried out at room temperature. The solid was transferred to high-density polyethylene storage jars, sealed tightly using parafilm, and stored at 4°C for later use.
Synthetic arsenic-bearing solid residuals (ABSRs) were also produced to study the effect of arsenic's presence on ferrihydrite transformations. The synthesis procedure used was similar to the procedure described above except that sodium arsenate solution was added to the Fe(III) solution before the pH was brought up to 7. Three different solids with Fe/As molar ratio of 5.7, 20, and 100 were synthesized.
The total iron and arsenic content of the synthesized solids was determined by microwave digestion of known amounts of the solids. Solid samples of 0.5 g (wet weight) were weighed and digested in 14.5 mL of concentrated nitric acid for 20 min using a CEM MDS 2100 Microwave Digestion System. Five replicates were run in each case. Digested samples were diluted and analyzed for iron content using the phenanthroline test (Clesceri et al. 1998 ) and for arsenic content using an ion coupled plasma mass spectrometer (ICPMS, Agilent 7500a).
Deoxygenated water used in this study was prepared by heating deionized water in a 2-L conical flask to 90 ± 4°C for 1 h, while bubbling nitrogen in the headspace. The flask was then sealed tightly, stored inside a Terra Universal Critical Environment Solutions glove box purged with nitrogen at room temperature (20-25°C), and the water used as needed.
Experimental system
Batch experiments were conducted using the synthesized ferrihydrite and zero-valent iron (ZVI) as the reducing agent. Analytical grade ZVI (200 mesh, 99? % purity on metals basis) was used as purchased (Alfa Aesar). All the experiments were performed inside the glove box. The synthesized ferrihydrite solid was used to prepare a suspension containing 0.3 g of Fe(III) in 100 mL of deoxygenated water. The initial pH was 6.8 ± 0.2 in all the experiments. The system was continuously stirred using an overhead stirrer, a magnetic stirrer or an overhead stirrer with a magnetic stir bar attached (at 300 rpm in all cases) as dictated by the specific trial objective (described later). Individual batches were killed at time intervals of 16 h, 3 days, or 10 days. In one set of trials, a measured amount of ZVI was added to the solution in order to achieve an initial 1:1 ratio of generation observed in the experiments with ZVI, and a slower rate of 3.1 mg of Fe 2? /hr for 4 days to mimic the average slow rate of Fe 2? generation observed in the experiments with ZVI (''Results and discussion'' section). Ferrous sulfate solutions of concentrations 0.0342 and 0.0670 M were used for the fast and slow rate experiments, respectively, in order to bring the final volume of the batch to 100 mL. In the case of the experiments with the fast rate of Fe 2? addition, the pH was maintained at 6.8 ± 0.2 by adding 0.3 M NaOH, as needed. This was done to mimic pH trends in the system employing the magnetic stirrer with ZVI added as the source of Fe 2? , where the pH was nearly constant at 6.8 (results not shown). In case of the experiments with slow rate of Fe 2? addition, no pH adjustment was made and the pH was observed to decrease to 4.2 and rise up to &5.8 at the end of 4 days. This was done to mimic pH trends in the system employing the overhead stirrer with ZVI added as the source of Fe 2?
(results not shown).
Experiments were also conducted with arsenic added in order to study the effect of arsenic on ferrihydrite transformations in the presence of high local Fe 2? concentrations. Transformations of the three iron-arsenic solids (Fe/ As molar ratio = 5.7, 20 and 100) were studied by performing experiments analogous to the ones performed with the ferrihydrite solid, at an initial pH of 6.8 ± 0.2 and initial Fe 3? : ZVI ratio of 1:1.
Solids characterization
Solid samples for X-ray diffraction (XRD) were collected by filtering approximately 100 mL of solution through a 0.22-lm filter and rinsing the solid on the filter multiple times with deoxygenated water. The solids were then dried inside the glove box purged with nitrogen. All the steps were carried out inside the glove box, and the dried solids were collected in tightly sealed vials and stored inside the glove box until taken out for solid characterization. The crystalline phases in the bulk samples were identified using XRD patterns collected on a Bruker D8 ADVANCE diffractometer using CuKa radiation. The samples were scanned from 5°to 90°for over 285 min, and diffraction patterns were recorded. Patterns were matched against those in the International Centre for Diffraction Data (ICDD) database.
ZVI-magnetite quantification
A method was developed as part of this study for the quantitative analysis of magnetite generated and ZVI remaining in the system at the end of each experiment. This method is somewhat analogous to that used for the determination of chemical oxygen demand (COD).
Step 1 Dissolution of magnetite and ZVI by concentrated sulfuric acid.
A weighed mass of the magnetic fraction (residual ZVI and magnetite) collected at the end of an experiment was added to 100 mL of deoxygenated water in an Erlenmeyer flask. The flask's top was connected to a vertical glass column-containing water; 200 mL of 9-M sulfuric acid was added to the solution and allowed to react for 45 min. During preliminary method development trials, this was determined to be sufficient time to dissolve all the solids for the maximum total weight of solids expected if all the ferrihydrite transformed to magnetite. By measuring the displacement of the water level in the glass column, the volume of hydrogen generated in the reaction was determined.
Step 2 Oxidation of reduced iron in solution by potassium dichromate.
After 45 min, an excess (2 times the stoichiometric demand, assuming all the remaining solid was ZVI) of potassium dichromate was added to oxidize all the reduced iron in the system. After 20 min, a 2-mL aqueous sample was taken. The aqueous sample was diluted immediately and analyzed for total iron.
Step 3 Addition of ferrous sulfate to reduce the residual potassium dichromate.
Following step 2, excess ferrous sulfate was added to the solution. A 2-mL aqueous sample was taken after 1 h, diluted and analyzed for Fe(II) concentrations using the phenanthroline method.
The amount of ferrous sulfate oxidized by potassium dichromate allowed for the determination of the amount of potassium dichromate consumed in step 1 to oxidize all the reduced iron in magnetite and ZVI.
The moles of electrons that must be withdrawn to fully oxidize all reduced iron in the system (TOTe -) and the total number of moles of iron (TOTFe) from both magnetite and ZVI are given by
where N m and N z are the number of moles of magnetite and ZVI, respectively. TOTe -is calculated as the number of electrons transferred from dichromate to oxidize all the remaining reduced iron to Fe 3? and generate hydrogen by the reaction of the ZVI with sulfuric acid (procedure detailed below),
Ferrihydrite is not detected by XRD owing to its amorphous nature, so in all trials the possibility existed that some untransformed ferrihydrite could remain at the end of the experiment. Both magnetite and ZVI were separated from any nonmagnetic solid species by collection on a Teflon-coated magnetic bead. The process was repeated using a fresh magnetic bead to confirm that the magnetic fraction remaining in the suspension after this point was insignificant. A similar technique for separation and recovery of magnetic minerals has been employed by Horneman et al. (2004) . The magnetic bead with the magnetite and ZVI was recovered and directly used in the ZVI-magnetite quantification procedure.
For validation purposes, known amounts of magnetite and ZVI were mixed and analyzed using the procedure described above. Magnetite was synthesized based on the standard procedure in Schwertmann and Cornell (1991) via partial oxidation of ferrous chloride solution. The magnetite thus synthesized and pure ZVI were mixed at different ratios (Magnetite/Total weight = 0-1) with at least 3 replicates of each ratio.
Student's t test was performed on the data set, and the results were found to be statistically significant at the 95 % confidence interval (not shown here).
Results and discussion
Baseline experiments to characterize ferrihydrite transformation products were conducted using a magnetic stirrer or an overhead stirrer with ZVI addition, keeping all other conditions constant. Solid samples collected after 10 days from the magnetic stirrer were black in color for the magnetic stirrer system (indicative of magnetite), and from the overhead stirrer system they were yellowish green (indicative of goethite and/or green rust). The XRD spectra of solids from the magnetic stirrer system (Fig. 1) showed that magnetite and residual ZVI were the only crystalline phases. Magnetic fraction separation showed that the nonmagnetic fraction remaining in the solid was insignificant. In the overhead stirrer system, the product consisted of a mixture of goethite, magnetite, and residual ZVI (Fig. 2) .
Four possible mechanisms were considered to explain the different transformation products observed in the magnetic and overhead stirrer trials-(1) Fe 2? concentration levels near the solid surface, (2) abrasion and grinding, Intensity (CPS) :ZVI ratio of 1.0 and pH 6.8 ± 0.2. M magnetite, Z ZVI (3) presence or absence of a magnetic field, and (4) The role of Fe 2? as a catalyst in accelerating the transformation of ferrihydrite to various iron oxide minerals including goethite and magnetite has been discussed extensively in the literature (Benner et al. 2002; Hansel et al. 2003; Pedersen et al. 2005; Hansel et al. 2005; Yee et al. 2006; Yang et al. 2010) . Pedersen et al. (2006) concluded that iron(III) (hydr)oxides undergo phase transition to more stable phases due to the catalytic action of Fe 2? adsorbed on the surface. They explained that the adsorbed Fe 2? exchanged for Fe(III) in terminal octahedral positions. The Fe(II)-O bond being more labile than the Fe(III)-O bond caused the crystal structure to disintegrate resulting in the dissolution of ferrihydrite followed by reprecipitation of more stable phases like goethite by Ostwald ripening.
On the other hand, Fe(II) sorption also drives solid-state conversion of ferrihydrite to magnetite (Cornell 1988; Tronc et al. 1992) . In column experiments using ferrihydrite-coated sands, a direct correlation has been observed between Fe(II) concentrations and the solid phases present, both temporally and spatially (Hansel et al. 2003; Benner et al. 2002) . Hansel et al. demonstrated In another study by Tufano et al. (2009) , it was established that gradients in Fe 2? concentrations in diffusioncontrolled systems might result in spatial patterns that lead to varied secondary mineral formation. In their experiments, magnetite and green rust formed at the inlet of a pore where the Fe 2? concentrations were high. At increasing distances from the pore entrance where lower Fe 2? concentrations exist, goethite was the predominant phase.
In our system when the magnetic stir plate is used, high local Fe 2? concentrations exist near the magnetic bead due to the accumulation of ZVI particles in that region. This is in contrast to the more dispersed generation of Fe 2? in the case of the overhead stirrer. Hence, the ferrihydrite in the magnetically stirred system is exposed to high concentrations of Fe 2? and transformation to magnetite is favored over dissolution-re-precipitation of ferrihydrite to goethite.
These results are consistent with those found by Yang et al. (2010) in a recent study of the kinetics of Fe(II)-catalyzed transformation of 6-line ferrihydrite under anaerobic flow conditions. They reported that at a concentration of 0.36 mM Fe 2? , goethite was the major phase formed as a result of ferrihydrite transformation, with minor amounts of magnetite being detected. At higher concentrations of 1.8 and 18 mM Fe 2? , magnetite was the only secondary phase that formed. This was described as being due to the presence of higher electron current density when high Fe 2? concentrations were present, which allows for rapid internal structural rearrangement of the ferrihydrite particles to form magnetite nuclei. In the case of low Fe 2? concentrations, the electron current density is low, which results in a slower rearrangement of ferrihydrite particles allowing for the dissolution of ferrihydrite and reprecipitation as goethite.
Our results show that once goethite started forming on the overhead stirrer, magnetite generation was inhibited. This is evident from comparison of the amount of magnetite generated at 16 h, 2, and 4 days (Fig. 3) . Magnetite inhibition was explained by Tufano et al. (2009) as being due to the removal of tetrahedral Fe(III) centers in ferrihydrite that are presumed to be necessary for the Fe(II)-induced nucleation of magnetite. Magnetite has an inverse spinel structure with Fe(II) atoms in the octahedral positions and Fe(III) atoms both at the tetrahedral and octahedral positions (Cornell and Schwertmann 2003) . Hence, tetrahedral Fe(III) centers in ferrihydrite could help lower Intensity (CPS) Fig. 2 XRD spectra for product solid taken (a) initially, (b) after 16 h, nonmagnetic fraction, (c) after 16 h, magnetic fraction, (d) after 3 days, nonmagnetic fraction, (e) after 3 days, magnetic fraction, (f) after 10 days, nonmagnetic fraction, and (g) after 10 days, magnetic fraction. All experiments were performed using an overhead stirrer with initial ferrihydrite:ZVI ratio of 1.0 and pH 6.8 ± 0.2. M magnetite, Z ZVI, G goethite the free energy required for magnetite nucleation in the presence of Fe(II). But the presence of tetrahedral Fe(III) in ferrihydrite is still an unresolved issue, with more evidence mounting against it (Rancourt and Meunier, 2008 , Manceau 2009 , 2011 , 2012 . Hence, the reason for the observed inhibition of magnetite generation in our study once goethite formation started is still unclear.
The relative amounts of ZVI and magnetite in experiments on both the magnetic and overhead stirrer in our study were determined using the ZVI-magnetite quantification technique described in the ''Materials and methods'' section. In the magnetically stirred system, the possibility of any untransformed ferrihydrite remaining in the system was ruled out using a magnetic bead to separate the magnetic and nonmagnetic fractions. After separation, there was no residual nonmagnetic fraction remaining. In the case of the overhead stirrer, the nonmagnetic fraction was significant. The objective behind quantifying the amounts of magnetite and ZVI was to elucidate the relative importance of the different operative mechanisms. In other words, it was to quantitatively demonstrate the differences between the amount of magnetite formed and the amount of ZVI consumed in the two systems employing the overhead and magnetic stirrer.
In order to test the hypothesis that high local Fe 2?
concentrations were responsible for the differences in the transformation products in the two systems, experiments were performed in the overhead stirrer system as well as the magnetic stirrer system by adding a ferrous sulfate solution directly, instead of using ZVI as a source of Fe 2? . In these trials, the objective was to approximate the Fe 2? generation rates observed in the magnetic and overhead stirrer systems when ZVI was used as the Fe 2? source, but to do so without ZVI present (and hence determine if the presence of ZVI solid, per se, was a significant factor). The rates of Fe 2? generation in the two systems were calculated from the rates of ZVI consumption. These were in turn estimated using the ZVI-magnetite quantification procedure (described above) to determine the amount of ZVI consumed over different time periods. It was determined that 0.15 g of Fe 2? was generated in the magnetic stirrer system in 5 h, and from the XRD spectra and ZVI-magnetite quantification, it was confirmed that all the ferrihydrite solid was transformed into magnetite within this period. Similarly, it was determined that 0.3 g of Fe 2? was generated in the overhead stirrer system in 4 days, while the ferrihydrite started transforming into both magnetite and goethite.
A syringe pump was used to supply Fe 2? at two different rates-a faster rate (30.6 mg of Fe 2? /hr for 5 h) to mimic Fe 2? generation from ZVI on the magnetic stirrer, and a slower rate (3.1 mg of Fe 2? /hr for 4 days) to mimic that on the overhead stirrer. Experiments at both rates were performed in the magnetic stirrer system as well as in the overhead stirrer system. XRD analysis of the products (Fig. 4) showed that the faster inflow rate of Fe 2? yielded magnetite in both systems, whereas the experiments with the slower inflow rate of Fe 2? resulted in no transformation of ferrihydrite to goethite or magnetite (no crystalline solid products were detected by XRD) in either system. In one replicate experiment with the magnetic stirrer and the slow Fe 2? supply rate, weak peaks for goethite were detected, indicating that small amounts of goethite were being formed. It is not clear why no ferrihydrite transformation to goethite was observed within 4 days as had been observed on the overhead stirrer when ZVI was used as the source of Fe 2? . One explanation could be that the estimates for Fe 2? inflow rate were based on the amount of ZVI consumed in 4 days on the overhead stirrer assuming a linear rate for Fe 2? generation over this period. This is a likely simplification of the actual Fe 2? generation rate on the overhead stirrer throughout the reaction time, as the rate was more likely faster during the initial stages of the experiment and slowed down once magnetite and goethite generation began, due to passivation of the ZVI surface. A detailed kinetic study of the rate of Fe 2? generation from ZVI was not the focus of this study and hence was not undertaken to test the degree to which the rate was nonlinear. Nevertheless, these experiments do prove that at a faster inflow rate of Fe 2?
and consequently higher Fe 2? concentrations, magnetite is the only product formed, irrespective of whether the overhead stirrer or the magnetic stir plate was used, thus Mass of magnetite (g of Fe)
Time (days) Fig. 3 Magnetite generated as a function of time using a magnetic stirrer (diamond), overhead stirrer (square), and an overhead stirrer with a magnetic bead attached to the propeller shaft (triangle).
Conditions as in Figs.1 and 2 also negating the presence/absence of a magnetic field being a significant determinant.
In the case of the magnetically stirred system, mechanical abrasion/grinding of the ZVI particles between the magnetic bead surface and the vessel bottom could help keep the ZVI surface clean, hence maintaining its surface reactivity, and leading to a relatively high rate of Fe 2?
generation. An experiment was setup in the overhead stirrer system with a magnetic bead attached to the propeller shaft of the stirrer to examine the importance of this mechanism in explaining the observed phenomena. This was expected to create localized high Fe 2? concentrations, while excluding any abrasion effects. Individual batch trials were setup and once again killed after 16 h, 3, and 10 days. The XRD spectra of the 10-day long experiment are shown in Fig. 5 . It is clear that the products after 10 days in the overhead stirrer system with a magnetic bead attached to the propeller are goethite and magnetite, which replicates results without the magnetic bead attached to the propeller. This was contrary to our expectation, which assumed high local Fe 2? concentrations would be present at the magnetic surface and that magnetite would be the only product. It was confirmed that all the ZVI particles stay on the bead and do not shear off during mixing by the overhead stirrer, via visual observation in a system where ZVI was added in the absence of ferrihydrite. An explanation for this unexpected result could be that when ZVI is used as a source of Fe 2? the creation of high local Fe 2? concentrations depended on the presence of abrasion to maintain the surface reactivity of the ZVI surface.
Mechanical abrasion may thus play an indirect role in pre-disposing the ferrihydrite-ZVI system to form magnetite by allowing the creation of high local Fe 2?
concentrations. To confirm this, we compared the amount of ZVI remaining after different time periods on the magnetic stir plate, overhead stirrer, and the overhead stirrer with the magnetic bead attached to the propeller (Fig. 6) . We observed rapid consumption of ZVI on the magnetic stirrer initially, and then the amount of ZVI stayed constant in the system.
In contrast, the ZVI consumption rate is much slower in the case of the overhead stirrer both with and without the magnetic bead attached to the propeller. We also observed Mass of zero-valent iron (g as Fe)
Time (days) Fig. 6 Zero-valent iron remaining as a function of time using a magnetic stirrer (diamond), an overhead stirrer (square), and an overhead stirrer with a magnetic bead attached to the propeller shaft (triangle). Initial amount of ZVI added to each system = 0.3 g. The 2-day data points for all three systems overlap with each other that ZVI consumption continues for 4 days of the experiment, whereas in the case of the magnetic stirrer, the ZVI consumption stopped after 5 h. The initial rapid consumption of the ZVI on the magnetic stir plate is consistent with mechanical abrasion maintaining the surface reactivity of ZVI in this system. An experiment was conducted to test the possibility that the presence of a magnetic field predisposes the ferrihydrite toward transforming to magnetite. A magnetic stir plate was placed underneath the beaker containing the same amounts of ferrihydrite and ZVI as described earlier. The magnetic stir plate was kept turned on but at zero rpm so that there was no motion/abrasion of the zero-valent particles, while still ensuring the presence of a magnetic field. An overhead stirrer (at 300 rpm) was used to mix the suspension. All other initial parameters were maintained the same as described previously. Upon separating out the magnetic fraction and performing the ZVI-magnetite quantification procedure, the amount of magnetite formed in this system (not shown) was found to be insignificant compared with that formed on the magnetic stir plate. Hence, the presence of a magnetic field was eliminated as an important mechanism in the context of the objectives of this study. It should be noted that it was not the authors' objective to gain quantitative insights into effects of the intensity of the magnetic field on ferrihydrite transformation pathways/products, but rather to test whether the magnetic field generated by the magnetic stirrer may lead the ferrihydrite-ZVI system toward the observed transformation pathways/products.
Another factor considered was whether the presence of nucleation sites (in this case the ZVI particles) co-located with the high Fe 2? concentrations was necessary for magnetite formation. The ZVI particles would act not only as a source of ferrous ions but also as potential nucleation sites for the formation of magnetite particles. Since ZVI is the main source of Fe 2? in our experiments-it was difficult to unequivocally delineate surface effects from Fe concentrations are present, a crystalline surface (i.e., ZVI particles) is not required in order to dispose the system to form magnetite. Other researchers have observed the transformation of ferrihydrite to magnetite due to the presence of high local concentrations of an electron donor. Burton et al. (2011) observed the transformation of As(III)-bearing ferrihydritecoated quartz sand to mackinawite, magnetite and goethite after 28 days of advective-flow column experiments. The columns were inoculated with Desulfovibrio vulgaris, a sulfate reducer. It was observed that magnetite formation was dominant near the influent end of the columns where intense sulfidogenesis was happening. This was explained as being due to the presence of high sulfide concentrations locally near the inflow end of the column resulting in high electron current density needed for the solid-state transformation of ferrihydrite to magnetite. We think that in our study, the high local concentrations of Fe 2? that would be generated due to the localization of the electron donor (ZVI in this case) on the magnetic bead in the magnetically stirred system resulted in the transformation of ferrihydrite to magnetite.
Experiments to study the effect of arsenic's presence on the transformation of amorphous ferric hydroxide at relatively high local Fe 2? concentrations were performed only in the magnetic stirrer system since the objective was to see if the presence of arsenic inhibited the ferrihydrite transformation to magnetite. The XRD spectra (Fig. 7) of final solid products from these experiments indicated that magnetite was formed in all three systems, but the peaks for magnetite were progressively weaker as the Fe/As ratio in the original solid was decreased from Fe/As = 100 to Fe/As = 20 and Fe/As = 5.7. Only a trace amount of magnetite formed in the latter case (Fig. 7) . The peaks for ZVI showed the opposite trend. Despite the fact that XRD results are qualitative, the relative amplitudes of ZVI and magnetite determined from the XRD peaks are 22:6:1 and 1:1:3 written as respective fractions in experiments with Fe/As = 5.7:Fe/As = 20:Fe/As = 100. This clearly indicates variations in the relative amounts of the two minerals. This result is consistent with observations from other studies that found that the presence of arsenic limits the transformation of ferrihydrite to magnetite (Kocar et al. 2006; Herbel and Fendorf 2006) . Kocar et al. 2006 used Intensity (CPS) Fig. 7 XRD spectra for solid products of iron-arsenic solid transformation in the presence of ZVI on the magnetic stirrer. Solids with the following Fe/As ratios were used: (a) ferrihydrite with no arsenic, (b) Fe/As = 100, (c) Fe/As = 20, and (d) Fe/As = 5.7. All experiments were performed with an initial Fe(III):ZVI ratio of 1.0 and an initial pH of 6.8 ± 0.2. M-100 % peak for magnetite, Z-100 % peak for zero-valent iron biotic columns loaded with As (V)-bearing ferrihydrite to study arsenic elution. Secondary mineral formation showed partial transformation of ferrihydrite to magnetite. The columns were inoculated with Shewanella putrefaciens, an organism capable of reducing both Fe(III) and As(V) and had arsenic loadings (Fe/As = 22 and 111) similar to the ones used in this study. The highest level of transformation to magnetite in all these columns was observed near the outlet of the columns (at around 15 cm from the inlet in a 20-cm long column). Dominant iron mineralogy from Extended X-ray absorption fine spectra (EXAFS) measurements at this section of the columns in the Kocar et al. 2006 study indicated *9 mol % magnetite after 25 days in the columns loaded with As(V)-bearing ferrihydrite, as opposed to 59 mol % magnetite after 16 days of reaction in the columns loaded with ferrihydrite but no arsenic. The level of transformation to magnetite, though much lower than that observed in similar columns without any arsenic, was still appreciable (Hansel et al. 2003) . Ferrihydrite transformation to goethite was not observed in any of their columns loaded with arsenic even though goethite was a major transformation product in similar columns with no arsenic. Pedersen et al. (2006) 
Conclusion
This study looked at the differences in ferrihydrite transformation pathways caused by differences in local Fe 2?
concentration. When magnetic solids (i.e., ZVI, magnetite) are concentrated on a magnetic stir bar rather than dispersed throughout the fluid, magnetite was the sole product of the ferrihydrite/ZVI system. In contrast, both goethite and magnetite were detected when an overhead stirrer was employed for mixing. Various mechanisms were considered to explain the observed differences between the two systems-the presence or absence of localized high Fe 2?
concentrations, mechanical abrasion/grinding effects on the ZVI particles, role of ZVI particles as nucleation sites for magnetite synthesis, and the presence/absence of a magnetic field.
In the system studied, high Fe 2? concentrations could only be obtained if the Fe 2? source (ZVI) was locally concentrated (i.e., on a magnetic stir bar) and the ZVI surface was refreshed by abrasion. This study confirmed that the presence of high local Fe 2? concentrations caused ferrihydrite transformation to magnetite. Preliminary experiments with ZVI and three different Fe/As ratios showed that the amount of magnetite formed decreased with increasing loading of arsenic. Lower arsenic loadings of Fe/As = 100 and Fe/As = 20, which are more representative of the loadings achieved in actual ABSRs generated after water treatment, still showed significant transformation to magnetite.
These findings have implications for arsenic release in natural systems and landfills. Arsenic is ubiquitously associated with iron (hydr)oxides in natural systems, and the residuals generated from arsenic removal processes in water treatments systems. Iron oxide transformations (both biotic and abiotic) have been studied and reported to have significant implications for the leachability and mobility of arsenic in natural aquatic systems and landfills (Ghosh et al. 2006; Cortinas et al. 2008; Stuckman et al. 2011; Wang et al. 2012; Root et al. 2013 ). The possible transformations that the iron minerals undergo may determine concentrations can either be localized (this study) or uniformly distributed (other studies). Hansel et al. (2003) observed that a threshold Fe(II) concentration level of 0.3 mM is required for magnetite nucleation. ** Suggested/presumed short-term mineralogy (not confirmed in this study). Presence of high arsenic concentrations inhibit transformation of ferrihydrite to goethite by interfering with both the dissolution of ferrihydrite and the re-precipitation of goethite. Long-term arsenic sequestration/ release will depend on the relative rates of ferrihydrite dissolution and re-precipitation as goethite in the presence of high concentrations of arsenic the ultimate stability of the associated arsenic owing to differences in their arsenic retention capacities. Spatial heterogeneity in the distribution of iron oxides, microbes and/or reducing agents in soils can result in locally high Fe 2? concentrations. The findings from this study show that local Fe 2? concentrations can pre-dispose ferrihydrite to transform into magnetite or goethite. These minerals have different sequestration capacities for arsenic due to differences in their surface areas and sorption affinities for arsenic species.
Recent X-ray absorption spectroscopy (XAS) and Fourier transform infrared spectroscopy (FT-IR) studies have reported that arsenic sequestration in an iron oxide is due (but not limited) to the following mechanisms: coprecipitation, adsorption by the formation of surface precipitates, and/or formation of inner-and outer-sphere complexes (Wang et al. 2008; Morin et al. 2009; Müller et al. 2010; Wang et al. 2011) . The mode of arsenic sequestration/incorporation is different for different minerals. For instance, it has been observed that As(V) can be incorporated within the magnetite structure during co-precipitation experiments (Wang et al. 2011; Coker et al. 2006) . Wang et al. (2011) demonstrated that during the Fe(II)-induced transformation of As(V)-sorbed lepidocrocite to magnetite, arsenate tetrahedra were incorporated within magnetite nanoparticles with increasing loading of arsenic. Such a trapping mechanism for arsenate has not yet been established with sufficient spectroscopic evidence in the case of goethite. The mode of association of the arsenic with an iron oxide is expected to have a significant influence on the fate and mobility of the associated arsenic. Thus, local Fe 2?
concentrations can have significant implications for the sequestration or release of arsenic by determining the transformation products of ferrihydrite under reducing conditions.
